The striking correlation between genome topology and transcriptional activity has for decades made researchers revisit the question, ''Does form follow function, or does function follow form?'' In a new study, Hug et al. address this question by comparing the timing of zygotic genome activation to the emergence of genome structures during Drosophila embryogenesis.
Chromosomes inside the cell nucleus fold to form arrays of so-called topologically associating domains (TADs), relatively tissue-invariant structural units of the genome that are on average tens of kilobases in length in Drosophila to around one megabase in mammals. Discovered in 2012 (Dixon et al., 2012; Nora et al., 2012) , TADs serve as insulated nanoreactors that promote selective interactions between the enhancers (non-coding regulatory sequences) and the genes that they encompass. When TAD boundaries are disrupted, neighboring TADs can fuse, and genes may hijack previously insulated enhancers that drive their ectopic or aberrant expression. Congenital disorders, as well as cancer, can be consequences of such topological aberrations (Krijger and de Laat, 2016) . A key for understanding gene regulation is finding out how TADs are established. In this issue of Cell, Hug et al. (2017) come at this from a developmental perspective, studying Drosophila embryogenesis to uncover when these organizational features form.
TADs exist by virtue of physical contacts between their flanking boundaries. They encompass domains with distinct chromatin signatures and distinct gene activity. Inside TADs, enhancers are often looped to their target genes. At higher order levels of structural organization, active TADs aggregate and cluster away from inactive TADs in the nuclear space. Transcriptional activity is therefore intimately related with genome structure at all scales of organization. However, being related does not necessarily imply a causal relationship.
To move beyond correlations and determine cause-consequence relationships, one needs to find or create situations that distort one of the conditions. Hug et al. (2017) present the early Drosophila embryo as a potentially relevant model system for this. The authors use the genome-wide chromosome conformation capture method (Hi-C) to demonstrate that in the earliest nuclear cycles after fertilization, prior to zygotic genome activation (ZGA), the Drosophila genome is largely unstructured (Figure 1A) . TAD boundaries are first appreciable at a small subset of genes that are prematurely expressed around nuclear cycle 8 (nc8). Only at nc13, upon the large-scale de novo recruitment of RNA polymerase II that marks ZGA, do TAD boundaries appear elsewhere ( Figure 1B ). While at first this finding seems supportive of the ''form-follows-function'' paradigm, subsequent experiments immediately challenge this: delaying ZGA by exposing early embryos to transcription inhibitors does not delay or prevent TAD formation, leading the authors to conclude that chromatin architecture emerges independent of transcription. Previous studies used similar methodologies to investigate maintenance of chromatin architecture in the absence of transcription and found that enhancer-promoter loops remain present and that active and inactive chromatin remain physically separated in the cell nucleus (see e.g., [Palstra et al., 2008] ). An important new insight from the work by Hug et al. (2017) is that also de novo formation of chromatin conformation does not depend on transcription.
If not dependent on transcription, why is the early zygotic Drosophila genome so unstructured? One possibility is that the maternally transmitted proteome lacks critical architectural proteins that need to be expressed embryonically for shaping the genome. This scenario seems to be ruled out by the finding that TADs are formed at nc14, irrespective of any preceding transcriptional activity. An alternative explanation may lie in the extremely rapid nuclear cycles of the early embryo (eight minutes until nc10 and nineteen minutes at nc13). It has been observed before that during mitosis, TADs and other structural features of the genome are erased and re-established (Naumova et al., 2013) (Figure 1A ). The ultra-fast early embryonic cell cycles may simply not provide enough time for all TADs to form properly upon exit from mitosis, so that only upon the long pause (about 1 hr) at interphase of nc14 is there sufficient time to stably build up higherorder structures.
If not transcription, what factors are responsible for TAD formation and chromatin looping? In mammals, CTCF and cohesin are proven architectural proteins crucial for TAD formation and have been implicated in enhancer-promoter contacts, as well. Since both factors are essential, cells can only be partially depleted of these proteins; hence, TADs remain appreciable in genome-wide DNA contact maps, albeit with significantly weakened boundaries ( Figure 1B) . Binding site alterations that fully disrupt a specific CTCF binding event demonstrate, however, the crucial role of CTCF and cohesin in loops and TAD formation ( Figure 1B) . In Drosophila, more architectural proteins have been described. Hug et al. (2017) uncover Zelda, a pioneer fly transcription factor, as a new player implicated in early developmental TAD formation and provide support for the idea (Li et al., 2015) that, particularly in Drosophila, boundary strength and TAD insulation may scale with local accumulation of any (combination) of these factors ( Figure 1B) .
When we return to the question of whether form follows function or vice versa, it is crucial to first acknowledge that the chromatin landscape (its bound repertoire of trans-acting factors, chromatin accessibility, and epigenetic modifications) underlies and instructs both structure and transcription. We can then still ask how the latter influence each other. From the current and many previous studies, it seems increasingly clear that the genome adopts and maintains its shape in a manner that is largely independent of transcription. The question now is whether the opposite is true. Can we just say: structure first, transcription second?
The emerging answer seems yes, at least for topologies present inside TADs. Biochemical processes, like transcription, gain in efficiency when there is a high local concentration of all necessary factors.
Additional transcription factor binding platforms (e.g., enhancers) that loop and come in close physical proximity to a promoter will serve this purpose and stimulate transcription. In fact, artificially forced loops between enhancers and promoters were found sufficient for highly activated gene expression (Deng et al., 2014) . Thus, for enhancer-promoter loops, it seems that ''function follows form.'' This also appears to be true for TAD structures: there is ample evidence that TAD boundary disruptions leading to fusions between neighboring TADs can release enhancers to spuriously contact and activate new genes, with congenital and somatic diseases as possible outcomes (see e.g., [Lupiá ñ ez et al., 2015] ). As for higher levels of organization that dictate the exact position of each TAD in the nuclear space, an extensively studied topic, the conclusion must be that this exact position may have a contributory impact but cannot have an instructive impact on transcription. After all, each given TAD (and gene) adopts a different position in different cells (Nagano et al., 2013) , which makes it impossible for cells to have to rely on exact nuclear positions for genes to be expressed at appropriate levels. In summary, the work by Hug et al. (2017) further specifies the long-studied function-structure relationship of the genome. It uncovers that not only the maintenance but also the formation of chromosome topologies happen independent of transcription. As such, it presents an important new piece of evidence to data that raised the question, ''can we just say: transcription second?'' Hug et al. (2017) demonstrate that in the early Drosophila embryo, prior to zygotic genome activation (ZGA), the genome is mostly unstructured, with TADs only appreciable at prematurely transcribed genes (see transcripts indicated by small black horizontal bars). Concomitant with or immediately after ZGA, TADs are formed (but in a manner that is largely transcription independent). Cartoon also highlights the analogies with the cell cycle, as the genome loses and re-establishes its shape each time a cell goes through mitosis. (B) Factors implicated in the formation of TADs. When key factors like CTCF, cohesin, or certain transcription factors like Zelda are depleted or inactivated, TAD boundaries show decreased insulation but are not lost entirely, possibly because of residual protein activity. Site-specific disruption of protein association is needed to show the complete loss of TAD boundaries.
